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Abstract Using newly-discovered archival measurements, we construct an instrumental record of water
levels and storm tides in Boston (MA) since 1825. After ascertaining the 19th century datum and correcting
for a 0–0.03 m bias in the modern tide-gauge record, we show that local, decadally-averaged relative sea
level (RSL) rose by 0.28 6 0.05 m since 1826, with an acceleration of 0.023 6 0.009 mm/yr2. Tide range
decreased by 5.5% between 1830 and 1910, due in large part to dredging and filling of Boston Harbor, and
trended slightly upward thereafter. An evaluation of storm events since 1825 suggests that trends in flood
risk are driven by RSL rise, with a small contribution by tidal trends. Sea-level rise also interacts with the 18.6
year nodal cycle in tide amplitudes to produce decadal fluctuations in hazard. Conditional sampling of the
1825–2018 record shows that storm tides with a 0.01–0.5 annual probability (100 and 2 year events) are
0.1–0.2 m larger during periods with above-average tidal amplitudes. Similarly, the once-in-25 year event
during elevated tidal forcing becomes a once-in-100 year event during periods of reduced tides. A plurality
of historic flood events—including floods in 1851, 1978, and 2018—occurred near the peak of the tidal
nodal cycle. Projections to the year 2100 suggest that decadal fluctuations in tide characteristics will interact
with relative sea-level rise to produce a fluctuating hazard over time, with periods of relative stationarity
(e.g., the 2020s) bracketed by relatively abrupt increases in flood hazard (the early 2030s).

Plain Language Summary We show that sea-level in Boston (MA) rose by nearly a foot (0.28m)
over the past 200 years, with most occurring since 1920. The underlying tide measurements we analyzed
were made, in part, by local civil engineers in the 1800s and early 1900s who measured daily high and low
tides to help solve design problems and protect infrastructure from flooding. One of those structures, dry-
dock number 1 from 1833 at the Charlestown Navy Yard, currently houses the USS Constitution and-if you
know where to look-contains a benchmark from 1867 that allows historic measurements to be compared to
modern data. The fact that this dry-dock was flooded twice in early 2018 is visceral evidence that sea-level
is higher now than it used to be. The old data also shows the interesting-and unexpected–result that some
historical extremes were larger in Boston than they would be today because tides were larger. Looking for-
ward, we show that the 18.6 year astronomic cycle in tides also impacts flood risk. During the 2020s, tides
will be lower than average, partially mitigating against sea-level rise effects; In the early 2030s, tides will be
larger (as in 2018), exacerbating projected sea-level rise effects.

1. Introduction

In January and March of 2018, two extratropical cyclones caused flooding in the Boston (MA) region, and
were, respectively, the first and third highest water levels measured (relative to a fixed datum) since modern
records began in 1921. Historic relative sea-level rise (RSL; e.g., Kopp, 2013; Sallenger et al., 2012) may have
increased the likelihood of record-breaking flooding by pushing hazard curves upward, even if the magni-
tude of storm tides (the net effect of tidal and meteorological forcing) remained statistically stationary (e.g.,
Kemp & Horton, 2013). However, both storm events occurred near maxima in the monthly and 18.6 year
nodal tidal cycles (Ray & Foster, 2016). At many locations, observations, and modeling suggest that tides
and storm tides can evolve through time due to RSL rise, channel deepening, and other factors that alter
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system depth (e.g., Arns et al., 2017; Familkhalili & Talke, 2016; Talke et al., 2014; Wang et al., 2018). To put
the recent events in Boston in perspective and to determine whether these flood events are statistical
anomalies or part of a long-term trend, we use archival research to construct and analyze a nearly 200-year
long instrumental record of water-level changes in Boston Harbor.

Instrumental water-level measurements are among the oldest oceanographic records and remain the most
accurate method to detail long-term RSL change, evolving tidal regimes, and extreme water levels caused
by storm surges (e.g., Talke & Jay, 2013, 2017). Such instrumental records quantify changes in global mean
sea level over time and help to establish when modern rates of rise began (e.g., Church & White, 2011).
However, analysis of trends on time scales longer than �100 years is hindered by the scarcity of RSL records
from the 19th and early 20th centuries, as well as a spatial and temporal bias in their distribution (Church &
White, 2011; Hogarth, 2014). Despite statistical techniques that account for the uneven spatial and temporal
distribution of available records (e.g., Dangendorf et al., 2017; Hay et al., 2015; Jevrejeva et al., 2008), estab-
lishing global mean sea level trends ultimately relies on the underlying data sets, which makes long (>100
years) instrumental records particularly valuable, especially from outside of Europe (Woodworth et al.,
2009). Long RSL records also provide insight into the physical processes (e.g., ocean circulation, plate tec-
tonics, and glacial isostatic adjustment) that drive regional-scale and local-scale trends.

In the western Atlantic Ocean, the longest, currently available instrumental record is from New York Harbor,
where the monthly RSL record is �75% complete since 1856 (National Oceanic and Atmospheric Adminis-
tration, NOAA, station number 8518750) and additional tidal observations are available since 1844 (Talke
et al., 2014). However, at least 6,500 station-years of documented US tide measurements made before
�1970 are not represented in modern databases, of which approximately 25% have been located in paper
form (Talke & Jay, 2017). More than 50 records at distinct locations begin in the 19th century, including at
least 10 in the Northeastern states (Talke & Jay, 2013, 2017; Figure 1). Tabulations of mean annual water lev-
els from only a few of these historical stations have been used to estimate RSL (Hogarth, 2014; Maul & Mar-
tin,1993), and only a few studies (Bromirski et al., 2003; Chant et al., 2018; Familkhalili & Talke, 2016; Talke
et al., 2014) have evaluated the underlying high-resolution data to evaluate changes to tides or extremes,
or assess data quality.

We detail the recovery, datum reconstruction, digitization, quality assurance, and analysis of 50 years of pre-
1920 tide records from Boston Harbor that we found in documentary archives. The tabulations of daily
water-level data, combined with archival notes, correspondence, and reports, enable us to assess data qual-
ity, document datum shifts, and estimate biases and uncertainty associated with sampling errors and verti-
cal control in both the historic and modern (post-1921) data. When combined with available NOAA
measurements since 1921 (station number 8443970), these records span the period 1825–2018 to form the
longest known water-level record outside of Northwest Europe (Figure 1b; Talke & Jay, 2017). We use the
newly recovered measurements to: (1) describe the patterns and causes of RSL trends in Boston since 1825,
and assess the onset of modern RSL rise; (2) constrain how and why tide range in Boston evolved through
time; and (3) investigate extreme events and determine whether factors besides RSL rise in Boston are pro-
ducing nonstationarity in flood risk.

2. Methods

2.1. Setting
The water-level measurements we consider are primarily from the inner part of Boston Harbor (MA) and
were primarily made at gauges located within �3 km of one another (Figure 1). As shown later, the rela-
tively close spacing means that there is no noticeable shift in tidal properties between different locations,
or measureable bias in storm heights. However, the geography and bathymetry of Boston Harbor has
altered greatly over the past two centuries and is a possible source of nonstationarity in the gauge records.
To show how the surface area of the bay changed over time, we combined the presettlement boundaries
maps from Seasholes (2003) with early and mid-19th century bathymetric maps (e.g., from https://www.
nauticalcharts.noaa.gov/csdl/coastalmaps.html) to estimate the 1830 land/ocean boundary. Additionally, we
used the Coast and Geodetic Survey map from 1915 (NOAA map 337-8-1915) to estimate land boundaries
at the start of the modern NOAA record.
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Figure 1. (a) Close-up of tide-gauge locations at dry dock #1 at Charlestown Navy Yard, adapted from Freeman (1903), Schureman (1928), and archival letters. (b)
Overview of known locations of historic data sets not represented in modern databases along the US East Coast, adapted from Talke and Jay (2017), and (c) An
overview of the five gage locations within Boston Harbor used within this study, plus an approximation of land reclaimed over time. Land reclamation within
Boston City Limits is well described by Seasholes (2003); these records were augmented by review of historic maps available from NOAA. The amount of land
reclaimed is probably more extensive than shown here, since some ambiguity about historical marsh boundaries exists. Note that the Charles River was cutoff
from tidal action and turned into a freshwater basin in 1910.
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Approximately 21 km2 of land reclamation occurred between 1800 and 1975 (Seasholes, 2003), with the
majority occurring between the advent of railways (�1830) and 1915 (Figure 1). Demographic factors, com-
bined with a plan to scour the shipping channel to improve access for large vessels into and out of the har-
bor, led to large-scale reclamation projects in the mid and late 19th centuries in South Boston and the
Charles River (Seasholes, 2003; see also Freeman, 1903). The Charles River Dam (completed 1910) cutoff tidal
action to the Charles River, and airport development (1915–1975) further reduced the surface area of the
harbor. Dredging began in the early 1900s, and by 1915 the harbor was deepened from its original control-
ling depth of �8 m to 10.7 m. Between 1930 and the 1950s, various regions of the harbor and approaches
were further dredged to 12.2 m. Anthropogenic changes continue, and, for example, the shipping channel
was recently authorized to be widened to 275 m and deepened to 15.5 m (United States Congress, 2014).

2.2. Archival Research: History of Tide Measurements in Boston Harbor
The history of water-level measurements made in Boston Harbor is longer than the continuous 1921–2018
record available from the NOAA-operated tide gauge (station number 8443790). Research in libraries,
archives, and historical reports (see supporting information) indicates that private citizens may have taken
tide measurements or tabulated high-water marks by the early 1800s. Records available at Harvard Univer-
sity show that Loammi Baldwin Jr., a well-known civil engineer, was commissioned in the 1820s by the US
Federal Government to construct Dry Dock 1 at the Charlestown Navy Yard. To design its dimensions and
constrain its vertical placement, Baldwin made 422 days of daytime tide measurements between December
1825 and July 1827. An additional 26 months of measurements were made during construction of the dry
dock from 1830 to 1833. The US Coast Survey made nearly continuous measurements at the same location
from 1847 to 1877, and the US Navy measured tides from 1902 to at least 1911 (Schureman, 1928). These
measurements, and other shorter local time series, have essentially remained stored in boxes for more than
a century (e.g., Talke & Jay, 2013).

We found, recovered, and digitized a total of 50 years of high/low and hourly water-level measurements
(Figure 1a). Approximately 42 months of data spanning the years 1825–1833 (the Baldwin data) were recov-
ered from libraries at the Massachusetts Institute of Technology (MIT) and Harvard University, along with an
additional 7 years of data from 1897 to 1904 and a 1 year record from 1867 to 1868. We also found 40 years
of records between 1847 and 1911 at the US National Archives (for location and time, see Figure 1 and sup-
porting information). Details, including selected images of data, letters, and other records, are included in
the supporting information.

The modern Boston tide gauge (NOAA station number 8443970) was installed in 1921 by the US Coast and
Geodetic Survey at Commonwealth Pier 5, �3 km from the historical Charlestown Navy Yard location (Fig-
ure 1). In January 1939, the gauge was moved to its current location at the Appraisers Wharf (see Figure 1).
We also recovered and digitized hourly measurements made by the US Coast and Geodetic Survey at the
Charlestown Navy Yard (NOAA station number 8443838) from February to October 1940. These measure-
ments, along with daily staff/gauge comparisons and leveling information for the 8443970 and 8443838
gauges, were downloaded from the EV2 database at the National Centers for Environmental Information
(https://www.ncdc.noaa.gov/EdadsV2) and are used to help reduce records since 1825 to a common datum
(see below).

2.3. Storm Events—Data Recovery and Analysis
The newly recovered data contain quantitative measurements of pre-1920 extreme water levels, including
notable events in 1832, 1851, and 1909. From archival notes and historical documents, we also estimated
additional high-water marks from storms events between 1723 and 1919 (e.g., Bearss, 1984; Freeman 1903,
1904; Ludlam, 1963; Perley, 1891; Public Works Department (PWD), 1922; Smith, 1917; United States House
of Representatives (USHR), 1830; Wood, 1978; see supporting information S.4 for a full description). During
the data gap from 1834 to 1846, the only storms of note occurred in 1839; similarly, newspaper records
from 1877 to 1896 suggest that the only significant high-water event occurred in 1885. The 1897–1920
period is well documented (Freeman, 1903; PWD, 1922). Hence, combined with the 50 years of recovered
instrumental data, we propose that all significant storm tides above �2.3 m from 1825 to 1920 are likely
accounted for. Tabulations of monthly extremes for 1921–2018 (NOAA station 8443970) are used to deter-
mine modern high-water marks.

Journal of Geophysical Research: Oceans 10.1029/2017JC013645

TALKE ET AL. 4

https://www.ncdc.noaa.gov/EdadsV2


The probability of a large storm tide is evaluated using the Generalized Pareto distribution (GPD; see e.g.,
Kotz & Nadarajah, 2000), a peak-over-threshold approach that allows the use of several large events in a
year (as occurred, e.g., in 1851, 1898, and 2018). The peak-over-threshold approach can be used as long as
all events over a threshold are characterized (even if those below the threshold are not). The shape and
scale parameters are found using a maximum likelihood estimation method. Following standard procedure,
we increased the threshold until the shape and scale parameter in the GPD distribution converged. Hence,
experimentation showed that a storm-tide threshold of 2.4 m adequately modeled the tail of the distribu-
tion, while retaining sufficient data for analysis. A total of 83 known storm tides from 1825 to 2018
exceeded this limit (see supporting information), evenly distributed before 1921 (43 events) and after 1921
(40 events). Event independence was ensured by requiring at least a 5 day offset between successive
events. To ground-truth our approach, we also compare GPD results to an unbiased return period from
order-ranked data (see e.g., Makkonen, 2006), Additionally, we compare GPD results to return-period esti-
mates calculated by NOAA using annual maxima data since 1921 and the Generalized Extreme Value (GEV)
approach (see Kotz & Nadarajah, 2000).

The contribution of tides to storm high-water marks is estimated using the harmonic analysis program t-
tide (e.g., Leffler & Jay, 2009; Pawlowicz et al., 2002), based on a 369 day analysis that includes 68 constitu-
ents and enables the semiannual (SSA) and annual (SA) constituents to be estimated. Predictions are made
with the default nodal corrections (Pawlowicz et al., 2002), using constituents that have a signal-to-noise
ratio greater than two. Tidal datums such as the Highest Astronomical Tide (HAT) and Mean Higher High
Water (MHHW) are obtained from NOAA (station number 8443970). Following NOAA definitions, the Mean
Tide Range is calculated as the difference between Mean High Water and Mean Low Water, while the Mean
Tide Level is the average of Mean Low Water and Mean High Water. We define a storm tide to be the mea-
sured water level minus the annual mean sea level for that year. In turn, we define skew surge to be the dif-
ference between the maximum measured storm tide and the predicted astronomical tide (e.g., Williams
et al., 2016). The datum for Moderate flooding and Major Flooding was obtained from the US National
Weather Service.

2.4. Benchmark and Datum History
The datum and benchmarks used in the 1847–1877 and 1902–1911 times series (see Figure 1 for locations)
are extensively discussed in Freeman (1903) and Schureman (1928). To assess the 1825–1833 datum,
improve the interpretation of the post-1847 Charlestown Navy Yard datum, and correct the modern station
datum for a slight bias, we consulted additional letters and other ancillary material found in archives (see
below and supplement). The key to defining the 1825–1833 datum was to determine the definition of the
tidal datum used by Laommi Baldwin Jr., and its relationship to the design height of the dry dock coping
(i.e., the top surface). In the final design, as also confirmed by letters and maps after construction (Freeman
1903; USHR, 1830), the coping was placed 5 feet (1.5 m) above Ordinary High Water, which Baldwin Jr.
explicitly calculated to be the tide level that was exceeded by 2/3rds of the tabulated high waters (see let-
ters in supporting information S.6).

All subsequent tide measurements at the Charlestown Navy Yard between 1830 and 1940 used the coping
of the dry dock as a vertical reference point (e.g., Baldwin, 1864; Freeman, 1903; Schureman, 1928). Two
benchmarks were monumented into the dry dock, as shown in Figure 1, and the second, from 1867, still
exists. However, as extensively documented by Freeman (1903), the action of frost heave gradually lifted
the coping at BM 1 by �0.47 ft (0.14 m) between 1830 and 1900. Fortunately, repeated leveling indicates
that BM 2 remained stable in the 19th and 20th centuries, which enables a reliable tie to the modern datum
(Freeman, 1903; Schureman, 1928; NOAA leveling records thru 1944, and National Geodetic Survey Records;
see supporting information S.2 and S.6, and Table S.2.1).

Using extant survey information, we reduced post-1867 data to the reference frame of the stable BM 2. In
addition, we applied a time-variable correction to the pre-1867 time series, based on an estimate of the
frost-heave rate from leveling surveys (see supporting information S.2). After applying our datum interpreta-
tion, our estimates of the 1847–1877 datum lie between those of Schureman (1928) and Freeman (1903).
While the Freeman/Schureman interpretations incorrectly assumed an unstable BM 2 (see supporting infor-
mation for details; also Hogarth, 2014), they are useful for defining a cone of datum uncertainty of order
60.05–0.06 m for data prior to 1857, 60.04 m for 1857–1860, 60.03 m for 1861–1866, and 60.02 m for
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1867–1876. These combine with measurement uncertainty (below) to produce a composite error estimate
(Table 1). Available evidence suggests our interpretation reduced bias and that accuracy is better than sug-
gested above. For example, comparisons of annual RSL at the Charlestown Navy Yard and at the India Wharf
from 1867 to 1868 agree to within 2 mm. Further, our instrumentally based estimate of maximum water
level during the 1851 Minot’s Ledge storm (4.74 m above the Boston Base datum) agrees well with an esti-
mate based on the average of 12 high-water marks that were surveyed shortly after the storm (4.76 m
above Boston Base; PWD, 1922). Finally, RSL measured relative to the original coping datum for 1826–1827
and 1830–1832 is consistent with mid 19th-century RSL (see results) and thus provides an important plausi-
bility check. The datum for water levels measured at the India Wharf (1867–1868), Deer Island (1897–1904),
and the Charlestown Navy Yard (1902–1911) is obtained from Freeman (1903). When these measurements
are included, the RSL record for Boston Harbor between 1825 and 2017 becomes �75% complete (146
years out of 193 represented). See results and supporting information for more details.

2.5. Quality Assurance and Bias Correction
Several direct and indirect methods are used to estimate measurement precision. Water-level observations
from 1867 to 1876 and 1921 to 1983 included manual, approximately daily comparisons of the vertical dif-
ference between readings of the tide-staff and the self-registering tide gauge. For 1867–1876 data, we esti-
mate a precision of 60.02 m in estimates of annual mean sea level, based on calculations of the mean staff/
gauge difference and its standard deviation. After 1921, the precision is approximately 60.01 m. A similar
difference in pre-1920 and post-1920 precision is found by comparing the difference between minimum
and maximum RSL in each decade. Under the assumption that the larger decade-by-decade variability in
pre-1920 data is an artifact of measurement (and datum) error rather than a physically caused signal, we
estimate an uncertainty of 60.02 m for RSL during 1826–1832 and 1847–1866, and a slightly larger uncer-
tainty of 60.03 m for 1897–1911 (see supporting information S.2.5).

Additional tests were made to assess historic data quality. Data were detided using harmonic analysis (e.g.,
Leffler & Jay, 2009) and the residual inspected for unexplained datum shifts or other anomalies. Clock errors,
which are often a proxy for stilling well siltation and other problems (Zaron & Jay, 2014), were tested using
a method based on Agnew (1986) and Hudson et al. (2017). A limited number of problematic data were
found (e.g., February 1865; August 1867; a few months in 1873 and 1874; June 1951; and a few months in
1971–1974). These infrequent problem measurements, some of which are confirmed by archival notes,
have a negligible influence on long-term patterns. Nonetheless, the data were removed from annual esti-
mates for consistency (see supporting information for details).

Table 1
Estimated Accuracy (Precision Plus Datum Bias) in an Annually-Averaged Sea-Level Measurement Based on the Historic
New York and Boston Tide-Gauge Measurements

Time period
Estimated accuracy of
Boston measurement Time period

Estimated accuracy of
New York measurement

1825–1833 60.05 m
1847–1856 60.06 m
1857–1860 60.05 m 1856–1861 60.06 m
1861–1868 60.04 m 1862–1869 60.04 m
1869–1876 60.03 m 1870–1879 60.03 m
1897–1904

(Deer Island)
60.06 m

1902–1911 60.04 m 1893–1926 60.02 m
1921–1939 60.03 m (before corrections described in

supporting information S.2.2)
1927–present 60.01 m

60.01 m (after correction)
1939–1960 60.02 m (before corrections described in

supporting information S.2.2)
60.01 m (after correction)

Note. We have combined measurement uncertainty and bias under the assumption that they are uncorrelated. See
supporting information for details.
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Small bias corrections of <0.02 m were made to account for under-sampling in historic data and the small
bias introduced by sampling only daytime high and low tides in the 1820s (supporting information S.3.3). A
mean offset of 0.037 m was used to convert mean tide level to mean sea level (a small nodal correction was
also applied). To minimize uncertainty, we report annual statistics only for years with at least four months of
measurements. Simultaneous mean tide level estimates between 1902 and 1904 suggest that Deer Island
mean tide level estimates were biased 0.04 6 0.03 m high relative to the Charlestown Navy Yard measure-
ments. We apply this mean correction to 1897–1901 Deer Island data, but recognize that a datum uncer-
tainty of perhaps 60.03 m attends these measurements. Overall, the 1897–1911 data have greater
uncertainty than earlier and later measurements.

2.6. Modern Datum Bias
Leveling records suggest that the Commonwealth Pier data (1921–1939) and the Appraisers Pier data
(1939–present) from the Boston gauge (8443970) should be corrected for slight datum instability. Between
1921 and 1939, leveling records show that the station datum sank by 0.027 m 6 0.003 m relative to a fixed
local datum, due both to a lowering of the staff zero and subsidence in the primary benchmark. Applying
the correction results in a slight reduction in the total RSL rise since 1921 (see section 3). Available daily
staff/gauge comparisons in the EV2 database from 1939 to 1984 show that the station datum was occasion-
ally adjusted in postprocessing to retain a constant vertical offset with the then-primary benchmark (BM
13). However, BM 13 was later considered unstable, and bias corrections were applied by NOAA back to
1939 to put measurements into the reference frame of benchmark K 12, the current primary benchmark.
Nonetheless, careful evaluation suggests that an additional bias correction of 0.004–0.011 m is still required
for data between 1939 and 1974 (see supporting information S.2 for details; the correction is also attached
as supporting information).

2.7. Datum Tie Between Historical and Modern Data
After applying the corrections described above to modern data, we obtained the offset between pre-1920
data (referenced to BM 2) and the modern station datum by four independent methods:

1. Applying the results of the leveling survey between BM 2 and gauge 8443970 made in 1923 (see Schure-
man, 1928), after correcting for the subsidence in the station datum between 1923 and 1939.

2. Connecting BM 2 to the Boston Base datum via Freeman (1903), and applying known offsets between
the Boston Base datum and the North American Vertical Datum of 1988 (NAVD88).

3. Comparing sea-level measurements in 1940 at the Boston and Charlestown Navy Yard sites.
4. Using the tabulated NAVD88 heights of BM 2 and the Boston station datum (NOAA 8443790).

These four-independent ties suggest that BM 2 is/was 5.40 m 6 0.01 m (17.71 ft 6 0.03 ft) above the
present-day station datum (defined to be 22.496 ft below K 12; e.g. supporting information Figure S.2.11),
and verify that correcting modern data for its slight bias in the early to mid 20th century improves the tie.
The relatively small variability between different connections also suggests that benchmarks BM 2 (primary
benchmark before 1920) and K 12 (primary benchmark since 1939) have approximately equal subsidence
rates, and are likely stable relative to the local Boston Base datum.

2.8. New York Sea Level
Using the tide records from New York harbor described in Talke et al. (2014), we reevaluated the 1856–1861
portion of the New York monthly data set (NOAA station 8518750) and made a preliminary estimate of
datum uncertainty from 1856 to 1927 (Table 1). Specifically, we infilled a missing year of data (1861) and
recomputed monthly averages for 1856–1860 using manual observations of daily high/low measurements
that were made on a box gauge. Our recomputation changes the standard deviation of monthly data from
1856 to 1860 from 0.038 m (NOAA data) to a more realistic 0.089 m, which is statistically more similar to
1862–1878 monthly data (r 5 0.086 m). The corrected data also reproduces a typical seasonal cycle (see
supporting information). The changes increase the 1856–1861 average by 0.015 m, partially because RSL in
1861 was higher than in previous years (also in Boston data). We estimate that the accuracy in the New
York RSL record is 60.06m from 1856 to 1861, 60.04 m from 1862 to 1869, 60.03 m between 1870 and
1879, and 60.02 m from 1893 to 1927 (Table 1). Additional details about the reevaluated New York records
are available in supporting information S.2.6.
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2.9. Sea Level Analysis
A primary reason to recover additional archival sea-level data is to corroborate existing records, improve
composite estimates of long-term trends and variability (e.g., Hogarth, 2014), evaluate uncertainty, and
investigate whether regional-scale RSL differences among stations are due to plausible physical processes
and/or uncertainty in records. We therefore compare long-term trends and the observed interannual vari-
ability in the New York City RSL against the extended Boston RSL record, after correcting for the estimated
contribution from vertical land motion produced primarily by glacio-isostatic adjustment (GIA). GIA, which
is the response of the Earth to the loading and unloading of continental ice during glacial and interglacial
periods, causes recent RSL rise in Boston and New York City through subsidence and reorganization of the
geoid, and is generally considered linear over the 100–200 year scale under consideration here (Davis &
Mitrovica, 1996; Peltier, 2004). Earth-ice model predictions, permanent Global Positioning Satellite measure-
ments (Karegar et al., 2016), late Holocene RSL reconstructions (Engelhart & Horton, 2012), and statistical
analysis of tide-gauge records (Kopp, 2013; Zervas et al., 2013) suggest that GIA contributed approximately
0.5–0.8 mm/yr to RSL trends in Boston Harbor, with a confidence of 60.2–0.3 mm/yr. Estimates for New
York City typically fall within the range of 1.2 6 0.6 mm/yr (e.g., Zervas et al., 2013). When the Karegar et al.
(2016) and Kopp (2013) estimates for Boston and New York, respectively, are used, the estimated difference
in GIA between the two locations is 0.6 6 0.45 mm/yr. A recent analysis by Piecuch et al. (personal commu-
nication, 2018) that incorporated tide-gauge records, GPS data, and GIA models in a probabilistic framework
estimated that vertical land motion contributed �0.7 6 0.3 mm/yr (median 6 1 standard deviation) more to
RSL rise in New York City than it did in Boston (C. Piecuch, Personal Communication, 2018). Here we correct
for vertical land motion using the Piecuch et al. (personal communication, 2018) values of 0.5 6 0.6 mm/yr
for Boston and 1.2 6 0.5 mm/yr for New York. This enables comparison of historic RSL changes from pro-
cesses other than GIA.

A common method of statistically assessing a change in the rate of RSL rise over time is to estimate its
‘‘acceleration,’’ defined by convention to be twice the coefficient of the squared term in a parabola that is fit
to RSL data (e.g., Church & White, 2011). Acceleration in RSL, because it is unaffected by uncertainty in the
linear GIA correction, provides an alternate methodology for comparing the Boston and New York records.
Global surveys suggest an acceleration of 0.006 to 0.018 mm yr22 since 1900 (e.g., Church & White, 2011;
Dangendorf et al., 2017; Hay et al., 2015; Hogarth, 2014; Jevrejeva et al., 2008; Woodworth et al., 2009), indi-
cating that linear trends over the period are increasing. Because acceleration is a second-order term in a
quadratic fit, it depends on both the magnitude and slope of the underlying data at the beginning and
end of the record, and is therefore subject to more uncertainty than linear trend estimates. For
New York and Boston, therefore, we evaluate the effect that offsets in (GIA-corrected) sea level and differ-
ences in slope may have on the calculated acceleration. Moreover, we also investigate the effect of record
length by calculating acceleration with a sliding start date, while keeping the end-date fixed at 2017 (see
e.g., Rahmstorf & Vermeer, 2011). By incrementing forward in time (e.g., calculating acceleration for the
period 1826–2017, 1827–2017, 1828–2017, . . ., 1970–2017), we test whether the statistics are stable and
unaffected by small differences in record length, or whether there is evidence of nonstationarity or change
in behavior. An errors-in-variables change point analysis (e.g., Kemp et al., 2013) is also applied to estimate
the start of modern rates of rise in Boston RSL.

3. Results and Discussion

3.1. Relative Sea Level (RSL)
Annually averaged water-level data show that RSL in Boston rose by �0.28 6 0.05 m over the 1825–2017
period (Figure 2), with an approximately 0.26 m rise occurring between the 1920s and the decade ending in
2017. RSL changed little during the 19th century, with year-to-year and decadal variability outweighing a
slight, statistically insignificant downward trend between 1825 and 1876 (Figure 2a). In the early 20th cen-
tury, annual RSL began to rise, though only after about 1940 did RSL consistently exceed the bounds of
19th century variability (Figure 2a). Our datum correction to early and mid-20th century data (section 2.6)
slightly decreased the RSL rise apparent in the 1921–2017 NOAA record, from 2.8 mm/yr (e.g., Ray & Foster,
2016) to 2.6 mm/yr. Application of errors-in-variables change point analysis (e.g., Kemp et al., 2013) to the
annual RSL record indicates that a statistically-significant increase in the rate of RSL rise occurred between
1919 and 1932 (95% credible interval; Figure 2a).
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We estimate an average acceleration of 0.023 6 0.009 mm/yr2 (95% confidence interval) from 1826 to 2017
(Figure 2a). When the analysis start date is varied in increments of 1 year from 1826 to 1900 (see section
2.9), we find that acceleration estimates are relatively stable within the range of 0.017–0.026 mm/yr2 (Figure
2b). These rates are consistent with an analysis of European data, which showed an acceleration of
0.02 mm/yr2 since the early 1800s (Jevrejeva et al., 2014). Similarly, our estimated acceleration from 1900 to
2017, 0.026 6 0.012 mm/yr2, is consistent with recent analyses of global tide-gauge compilations and satel-
lite altimetry data, which indicate an acceleration of global mean sea level rise of 0.017–0.018 mm/yr2 since
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the late 19th/early 20th century (e.g., Dangendorf et al., 2017; Hay et al., 2015). Similar to patterns found in
global data sets (e.g., Rahmstorf & Vermeer, 2011), acceleration estimates decrease for start dates from 1900
to 1920 (Figure 2b), become statistically insignificant between 1921 and 1931, and then transition to much
larger rates of up to 0.1–0.2 mm/yr2 for start dates between 1950 and 1970. For start dates after 1970, the
statistical analysis becomes increasingly uncertain due to the shortness of record (c.f. Haigh et al., 2014;
Rahmstorf & Vermeer, 2011).

After removing the contribution to RSL from vertical land motion (see section 2.9), sea-level trends since the
mid-1800s in Boston and New York City are similar (Figure 3). Both records show little change prior to the
early 20th century, after which notable sea-level rise occurred. The observed rise in decadally-averaged sea
level between 1901 and 2000 was 0.13 m in Boston and 0.16 m in New York City, which is similar to esti-
mates of global mean sea level rise (0.14–0.19 m) over the same period (e.g., Church & White, 2011; Dangen-
dorf et al., 2017; Hay et al., 2015; Jevrejeva et al., 2014). Similar order-of magnitude differences in annual
sea-level between Boston and New York City are observed throughout the 1856–2017 period of data over-
lap, and are well within the uncertainty bounds of the RSL data at each station (see Figure 2a and Table 1)
and the error bounds of the vertical land motion correction (Figure 3). The average offset from 1856 to
1876 (the period of 19th century overlap) is 0.037 m; when this offset is removed, the difference in accelera-
tion rate shown in Figure 3 is halved. The larger acceleration in Boston is also caused by an apparent
increase in the rate of sea-level rise in Boston since �1990, relative to New York, which Davis and Vinogra-
dova (2017) attributed primarily to dynamical processes in the ocean (see convergence post-1990 in Figure
3). When the rise in Boston since 1990 is held constant to New York rates, we find a further reduction in the
estimated 1856–2017 acceleration at Boston of 0.003 mm/yr2. Thus, estimates of acceleration are sensitive
to any slight offset or difference in trends found at the beginning or end of the data set, whether caused by
measurement uncertainty (Table 1), or dynamical processes such as temporal changes in the spatial varia-
tions in wind stress, the inverted barometer effect, water temperature, gravitational fingerprinting, or other
physical processes (Frederikse et al., 2017; Goddard et al., 2015; Hay et al., 2015; Landerer et al., 2007; Pie-
cuch & Ponte, 2015).

3.2. Tides
Archival tide measurements suggest that the nodally-corrected, mean tidal range in the inner Boston Har-
bor decreased by 2.03 mm/yr in the 19th century, from �3.05 m in 1830 to �2.89 m in 1910, a reduction of
�5.5% (Figure 4a). After 1930, tidal range increased at 0.19 mm/yr. Similarly, mean high water decreased at
a rate of �1 mm/yr between 1830 and 1910. Both local and regional processes are likely causes of observed
patterns. Tides in the Gulf of Maine are sensitive both to RSL variations and possibly alterations in
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stratification, due to the well-documented resonance of the M2 constituent (e.g., Ray, 2006; Ray & Foster,
2016). Tide constituents may also be shifting within the northwestern Atlantic (M€uller, 2011; Woodworth,
2010); for example, the M2 tide at Sandy Hook, NJ decreased by �0.027 m 6 0.01 m between the 1870s
and 1930s, and increased by 0.02 m thereafter (Talke et al., 2014). Similarly, a secular decrease in the S2 con-
stituent occurred during the 20th century at many East coast locations (Ray, 2006; Woodworth, 2010).

Simultaneously, local perturbations to tides may be caused by the systematic, extreme alteration in the
bathymetry and surface area of the inner Boston Harbor and its approaches (Figure 1; Seasholes, 2003).
Analysis of overtide constituents (Figures 4b and 4c), which are produced by nonlinear (frictional) interac-
tions in shallow water, strongly suggests that altered tide properties are influenced by the loss of more than
20 km2 of shallow water habitat (Figure 1) and the deepened shipping channel. All other constituents
remaining equal, the collapse in the M6 overtide (Figure 5b) since the 1870s produces a 0.04 m (2.5%)
decrease in tidal range, approximately 0.03 m due to its shifting amplitude and 0.01 m due to a change in
its relative phase with M2 (defined as 3uM2

2uM6Þ. These changes are partially offset by changes to M2,
which decreased by �0.015 6 0.005 m between the 1870s and 1920s, but increased by nearly 0.03 m from
the 1920s to the present (see also Ray & Foster, 2016). Tidal range increased less than M2 since 1921, likely
due to changes to overtide amplitudes and phases. Between 1825 and 1867, the lack of time resolution in
high/low data precludes the separation of the M2 constituent and the M6 overtide by harmonic analysis
(e.g., Foreman, 1977). Nonetheless, reducing the sum of the constituent amplitudes of M2 and M6 by 0.06–
0.08 m between 1830 and 1870 would explain the observed decrease in tide range.

We hypothesize that several local physical processes help explain the secular change in tidal range. First,
tides are amplified by approximately 10% in the �15 km between the harbor entrance (e.g., Boston Light)

Figure 5. (a) The skew surge associated with the top 500 measured water-level events and (b) the top 500 water levels
relative to the MHHW datum for the 1983–2001 epoch, defined to be 4.205 m over station datum and 1.45 m over NAVD-
88. Sea level rise is shown by the increase in mean higher high water. The total still water level of the event (open circle)
is the sum of sea level rise (blue), the predicted tide (red bar), and the skew surge (black line). The dashed lines show the
height of the 1851, January 2018, and March 2018 events as sea level rises (under the assumption of the same predicted
tide and measured skew surge).
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and the Boston Inner Harbor (Table 30 in Schureman, 1928). Hence, the changing length, width, and depth
of the inner harbor, as well as coastline hardening, may affect the reflection of the tide wave, and/or the
convergence properties, leading to an altered tidal range. Moreover, increasing the average system depth H
(e.g., by dredging) has a similar dynamic effect as decreasing the drag coefficient Cd (e.g., Friedrichs &
Aubrey, 1994; Chernetsky et al., 2010). In a system such as Boston, with little river flow, one might expect
that production of the M6 overtide would be most affected by bathymetric change. Specifically, analytical
models of tides often expand and linearize the friction coefficient Cd UjUj

H into a cubic function of velocity U
(e.g., Dronkers, 1964; Godin, 1991; Kulkuka & Jay, 2003). For a system with low river discharge such as Bos-
ton, U is dominated by tides, which results in the production of the M6 overtide (Godin, 1991; Parker, 1991).
Therefore, the collapse of the M6 overtide in Boston Harbor likely reflects the greater average depth of the
system caused both by channel deepening and by the significant loss of subtidal and intertidal habitat (Fig-
ure 1). Interestingly, the M4 overtide slightly increased over time (Figure 5b), possibly indicating an increase
in the (small) tidally averaged flow (e.g., river discharge or the return flow caused by tidal Stokes drift—see,
e.g., Moftakhari et al., 2016) but also potentially caused by a decrease in damping of the overtide produced
on the continental shelf (e.g., as occurs in the Ems Estuary; see Chernetsky et al., 2010). The divergence in
the M4 and M6 overtide trends is an interesting challenge for a future numerical or analytical model to
reproduce and explain.

3.3. Storm Tides
In January 2018, an extratropical cyclone caused water levels to reach �2.93 m above the NAVD-88 datum,
which is the highest level ever recorded by the NOAA tide gauge. Two months later, a second extratropical
cyclone produced the third highest water level since 1921, slightly lower than water levels during the well-
known 1978 blizzard, which was previously the storm of record for Boston. To properly frame the factors
producing these extreme water levels and to establish how unusual (or indeed common), the 2018 events
are over century time scales, we next analyze historic extreme water-level events.

Figure 6. (a) The super-elevation of water level over predicted tides for the four largest events since 1825 and (b) the top
20 storm tides since 1825. In Figure 6a, the graphs are centered such that the peak water level over a datum occurred at
t 5 0. In Figure 6b, the storm tide, defined as the difference between the peak water level and annual mean sea level, is
broken into three components: (i) the predicted tide using a harmonic analysis of hourly data from station 8443970 (yel-
low), (ii) the skew surge, defined as the storm tide minus the predicted high water (blue), and (iii) the difference between
historical and modern predictions, DTide (red). The modern values for Mean Higher High Water (MHHW) and Highest
Astronomical Tide (HAT) relative to MSL are also displayed. Pre-1920 tides are predicted using harmonic analysis of hourly
data from 1874; M2 is adjusted for each year such that predicted tide range reproduces the secular change in tide range
between 1830 and 1910 (Figure 4). In Figure 6a, the 1851 and 1909 events depict skew surge, while the 1978 and 2018
event are surge (measured minus predicted water level). Uncertainties for ungauged events, which are discussed in sup-
porting information S.4, are depicted with error bars.
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Records show that many significant storm events occurred before the start of the modern record in 1921,
with particularly large flooding occurring in 1723, 1786, 1830, 1851, 1898, and 1909 (Figures 5b and 6; see
supporting information for pre-1825). Of the 100 largest storm tides that we identified since 1825, 87 were
extratropical cyclones that occurred between 1 November and 30 April. The occurrence of two large storm
tides in a year, as in 2018, is rare but occasionally occurs (e.g., 1851 and 1898). Only one hurricane-
influenced event, the hybrid ‘‘Perfect Storm’’ (1991), makes the top 20 list (Figure 6). The Expedition Hurri-
cane (3 November 1861; 2.64 m storm tide) and hurricane Carol (30 August 1954; 2.42 m storm tide) are the
only other confirmed tropical storms in the top 100. Large hurricane storm tides may have occurred in
1635, 1743, and 1770 (see Ludlam, 1963), but accounts are fragmentary, qualitative, and difficult to relate to
a datum (see supporting information S.4). In conclusion, the flood hazard for return periods less than 300
years (the length of available records) is driven by extratropical cyclones. This contrasts with locations fur-
ther south such as New York City, where the risk from tropical cyclones is larger (e.g., Orton et al., 2016).

RSL rise is the primary factor producing nonstationarity in Boston’s flood hazard (Figure 5). For example,
storm events in 1851 and 1909 each exceeded the modern mean high water datum by �1.31 m, approxi-
mately 0.16 m less than the January 2018 event. However, RSL rise since then would cause these storm tides
to exceed the January 2018 event by 0.1 m, were they to occur today (see Figure 5b). Hence, measured by
storm tide (the total rise over annual RSL), the three largest events on record occurred in 1851, 1909, and
1978 (Figures 5 and 6), followed by January 2018. Qualitatively, no obvious temporal trends in skew surge
are apparent (Figure 5a), though some clustering of events occurs (such as 1900–1920). Typically, large
flood events are correlated with a skew surge of greater than 0.75 m; however, the largest skew surges did
not produce the largest total water levels. As we discuss below, the timing of storm events relative to tide
forcing plays a determining role.

Most large events (19 out of the top 20) occurred when the predicted tide exceeded mean higher high
water, with tides during several events (notably May 1832 and April 1940) occurring close to the highest
astronomical tide datum (Figure 6). Fully 92 out of the top 100 events occurred for a predicted tide level
greater than the modern mean higher high water of 1.55 m (see supporting information). As described in
Wood (1978), many historical extreme water levels in Boston coincided with perigean and proxigean spring
tides, again supporting the idea that astronomical tides help control the flood hazard. A high proportion of
events occurred around midday or midnight, since large spring tides occur preferentially around this time
(first noted by Freeman, 1903, and confirmed here).

Because extratropical cyclones (Nor’Easters) occur multiple times a year, the chance of one occurring dur-
ing a tide that exceeds mean higher high water and producing elevated water levels is not insignificant.
Over an 18.6 year nodal cycle, more than 5% of higher high waters exceed 2 m. Several factors may
impact the likelihood that a storm event is phased relative to such a large predicted tide. The time scale
(propagation speed and size) of a storm is likely important; for example, the long-acting 1978 extratropi-
cal cyclone produced a surge which remained elevated for two consecutive high waters, producing peak
water levels on the second high tide (Figure 6a). By contrast, surge in the 1909 and January 2018 events
was only elevated over one tidal period (Figure 6a), which by chance was the larger daily high tide. The
daily tidal inequality, which sets the relative heights of the daily high tides, varies significantly; for exam-
ple, virtually no inequality occurred during the 1832 event, whereas about 0.4 m difference occurred
between the highest and lowest tide during the 1885 event. Because the diurnal inequality (set by K1 and
O1 constituents) is weakest during the peak of the 18.6y nodal cycle in tides (when M2 is maximum; e.g.,
the situation during the 1830 and 1832 events), the duration of a storm is likely more important during
some years than others. Note that the largest tides at Boston occur when lunar declination is at a mini-
mum (e.g., Haigh et al., 2011).

Because large spring tides disproportionately influence Boston flood hazard (Figure 6b), any long-term shift
in tide magnitudes will influence extreme water levels. To show the effect of decreasing tide range in the
19th century, we first make tidal predictions based on hourly data (1867–1876 and 1921–2016) and then
vary the M2 amplitude annually such that the observed tide range is reproduced (1825–1866 and 1897–
1911). Through this approach, we estimate that the predicted high water during the 1851 Minot Ledge
event was �0.05 m higher when predictions based on mid-19th century tide conditions are considered, ver-
sus predictions based on measurements from the year 2000. Similarly, the predicted tidal contribution to
the 1832 event would be 0.15 m less if it were to occur today (see DTide metric in Figure 6b).
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We next compare hazard curves obtained using measured storm tides from 1825 to 1920, and a historical
storm data set that was adjusted downwards by DTide (Figure 6b) to reflect modern tide conditions (Figure
7a). As shown, the adjusted hazard curve was shifted downward by 0.02–0.04 m, indicating that storm-tide
risk was likely slightly larger in the early and mid-19th century due to larger tides. The shift in the hazard curve
after adjusting for tides (Figure 7a) is small because a large portion of the storm tides, particularly between
1898 and 1919, required a negligible tidal correction (see Figures 4 and 5). These unchanged events may
dilute the observed statistical effect of larger mid-19th century tides. The adjustment for evolving tide statistics
is however necessary to analyze storm events on a stationary basis (an assumption of the GPD analysis).

After adjusting for 19th century tide trends, we find that the GPD-based hazard curves obtained using
the full data set (1825–2018) are indistinguishable from a hazard curve found using only modern data
(1921–2018; Figure 7b). The hazard curves also compare well with estimates published by NOAA (square
symbols in Figure 7b) and estimates of the unbiased return period (e.g., Makkonen, 2006; see ‘‘1’’ sym-
bols in Figure 7b). The relative shortness of the modern 1921–2018 record produces larger confidence
intervals, however. Hence, the primary effect of adding a century of large storm tides to the instrumental
record is to reduce the uncertainty bounds around estimates. Unlike New York Harbor (e.g., Talke et al.,
2014), we find no evidence of long-term nonstationarity in flood hazard, after accounting for the effects
of RSL rise (thru using storm tides) and tidal change. Hence, the increase in storm-tide magnitudes in
New York is likely of local or regional cause (either meteorological or hydrodynamic; see e.g., Orton et al.,
2015 or Chant et al., 2018).

The effect that a 5.5% decrease in tide range had on hazard curves (Figure 7a) suggests that the 18.6 year
nodal cycle also exerts a control on flood risk. The order of magnitude change in tides over a nodal cycle is
similar to the 19th century decrease in range; as discussed by Ray and Foster (2016), dominant semidiurnal
constituents such as M2 and N2 vary by nearly 63% over the nodal cycle, while the diurnal K1 constituent
varies by 611%. To better elucidate the effect of such tide variability on storm-tide hazard, we first use har-
monic analysis to determine how the 90th percentile of the daily higher high water varies over time (this is
the astronomic tide that is exceeded once every 10 days, on average). We restrict our analysis to the 30
October to 30 April time period, primarily because most large events (89 out of top 100) occurred during
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Figure 7. A comparison of the magnitude of storm tides in Boston, as a function of return period. The top plot compares
the hazard curve obtained using measured storm tides from 1825 to 1920 (dash-dot line) with a synthetic data set in
which the historical storm tides are adjusted by the estimated DTide (blue line; see Figure 6). The bottom plot compares
the hazard curves found using modern 1921–2018 data (red curve), 1825–1920 records (dashed line), and the entire,
adjusted record from 1825 to 2018 (blue line). The fill regions in both panels represent the 1r confidence interval for the
labeled hazard curve. The crosses in Figure 7b denote the unbiased return period estimates for the tide-adjusted 1825–
2018 data. The white squares denote NOAA estimates of storm-tide hazard, obtained using a GEV analysis of annual max-
ima from 1921 to 2017.
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this time frame (we chose 30 October to avoid exclusion of events in 1829 and 1991). This sampling
approach also prevents biasing statistics by summertime tides (which are larger, on average; see Ray & Fos-
ter, 2016) and avoids the introduction of a 4.4 year periodicity that is caused by perigean tides and is often
observed in annually calculated high water statistics (e.g., Haigh et al., 2011; see Ray & Foster, 2016 for an
explanation).

As shown in Figure 8a, the 90th percentile higher high water during the storm season varies by approxi-
mately 0.15 m over the 18.6 year nodal cycle, and is modulated by interannual variability (see also Ray &
Foster, 2016). Other tidal statistics such as annual mean high water vary by roughly 0.1 m over a nodal cycle.
Because the plurality of historic flood events occurred when the predicted tide exceeded 1.9 m (Figure 6),
we hypothesize that the nodal cycle helps control the likelihood of a large event; indeed, a disproportionate
share of the largest events (including 1830, 1832, 1851, 1959, 1978, and 2018) occurred near the peak in the
nodal cycle for M2 (red circles in Figure 8a; see Figure 5 for absolute heights). To test this hypothesis, we
next conditionally sampled our 1825–2018 data set depending on whether it occurred during times of either ele-
vated or suppressed astronomical forcing. A ‘‘nodal (1)’’ and ‘‘nodal (–)’’ period refers to time periods in which
the 90th percentile higher high water was greater than, or less than, the median value of�1.88 m (Figure 8a).

A GPD analysis of the conditionally sampled data clearly shows that storm-tide hazard is modulated by the
18.6 year nodal cycle (Figure 8b). During the ‘‘nodal 1’’ phase, the magnitude of the once-in-10 year and
once-in-100 year event probabilities are estimated to be 0.16 and 0.13 m larger than during the ‘‘nodal 2’’
phase. Stated differently, a storm-tide magnitude with a 5% chance of occurring during a November to April
time period with relatively smaller tides has a more than 10% chance of occurring during a winter with
larger tides (Figure 8b). Overall, the magnitude of a 0.01–0.5 probability event is 0.1–0.2 m less during the
nodal (2) phase. No overlap occurs in the 1r confidence bands occurs for a return-period event of 10 years
or less, indicating that the difference in hazard is statistically significant. Some overlap in the confidence
bands occur for larger return periods, and it is more difficult to statistically distinguish altered risk (Figure
8b). Nonetheless, 8 of the 10 largest storm tides since 1825 occurred during periods of elevated tidal forcing
(red circles in Figure 8a), qualitatively confirming our results. Note that Figure 8b is robust to changing the

0 10 100
Return Period (years)

2.4

2.5

2.6

2.7

2.8

2.9

3.0

St
or

m
 ti

de
 (m

)

0.13 m

T = 25y

T = 100y0.16 m

T = 4y

T = 10y

(b)

Nodal (-)
Nodal (+)

1850 1900 1950 2000 2050

1.8

1.9

2.0

H
ei

gh
t (

m
)

90th percentile tide 10 Largest storm tides
(2 events in 2018)

(a)

Year

Figure 8. (a) The variation in the magnitude of the 90th percentile of higher water during the storm season, as a function
of time. The fill bands denote the 62.5% percentile bands and provide an indication of how other tide percentiles vary.
The years of the top 10 events are shown with red symbols, and the median value of the 90th percentile is shown by a
dashed line. (b) A comparison of hazard curves obtained by conditionally sampling the storm tides that occurred during
elevated tidal forcing (nodal 1) or lesser tidal forcing (nodal 2). The nodal 1 period is defined as a storm season in which
the 90th percentile HHW was above the median value of 1.88 m (see Figure 8a), and the nodal (2) period is defined as
periods below the median.

Journal of Geophysical Research: Oceans 10.1029/2017JC013645

TALKE ET AL. 15



conditional sampling procedure; for example, restricting the ‘‘nodal
1’’ and ‘‘nodal 2’’ periods to the upper and lower 40% of the nodal
cycle (Figure 8a) produces negligible changes in the observed differ-
ences in the hazard curves.

The dependency of Boston hazard curves on interannual and decadal
fluctuations in tidal properties (Figure 8b) suggests that the time evo-
lution of flood hazard is temporally variable, with contributions
caused both by long-term RSL trends and astronomic cycles in tides
(e.g., Figure 5 and 8). To demonstrate one possible pathway in which
the flood hazard may evolve over the next 80 years, we project the 10
year flood hazard forward in time, using the RCP 4.5 RSL scenario of
Kopp et al. (2017). This scenario predicts a median RSL rise of 0.68 m
for Boston Harbor between 2000 and 2100, under the assumption
that carbon emissions will increase until the mid-21st century, and
then slightly decrease. For comparison, the equivalent projection
under the business-as-usual RCP 8.5 scenario is 1.25 m. In our
approach, we simply add the storm-tide hazard curve (both nodal (1)
and nodal (2) scenarios) to RSL, without consideration of nonlinear
feedbacks, nonstationarity in tides, or nonstationarity in storm magni-
tudes. Since the rate of tide change appears to have decreased since
the 1980s (Ray & Foster, 2016) and no evidence of nonstationarity in
storm magnitudes is found (Figure 7b), this approach is a good first
estimate. Error bounds for the 10 year flood risk are found in Figure
8b, and likelihood estimates for the RCP 4.5 sea level rise scenario are
found in Kopp et al. (2017).

Projections show that RSL rise will greatly increase the probability of
both moderate and major flooding, such that a major flood may have

a one-in-10 chance of occurring by the end of the century in any given year (Figure 9). A distinct variability
in hazard occurs during the 18.6 year nodal cycle, however. During the 2020s, tidal forcing (nodal (2) phase)
will be relatively smaller during the storm season and will tend to reduce flood hazard. The reduced contri-
bution of tides to the total water level may be partially offset by continued RSL rise, resulting in an approxi-
mate stationarity in overall flood risk. By contrast, during the 2030s, the combination of a nodal (1) phase
in tides plus RSL rise may abruptly increase flood risk. Such a pattern is projected to repeat itself during the
21st century on roughly a decadal time-line (Figure 9). The relative importance of tidal modulations
becomes smaller and smaller through the remainder of the 21st century, as RSL rise rates increase.

Our results confirm insights from global surveys of tide-gauge data and satellite altimetry, which previously
showed that the nodal (18.6 year) and perigean (8.85 year) modulation of tides affects the 99.9th % exceed-
ance value of hourly data (roughly equivalent to an event that occurs 8–9 times a year; see Elliot, 2010;
Haigh et al., 2011; Woodworth & Blackman, 2004) and modulates the location parameter in a nonstationary
hazard assessment (e.g., Menendez & Woodworth, 2010). Similarly, other studies pointed out the controlling
factor that tide maxima exert on monthly or annual extremes globally, and the sensitivity of flooding fre-
quency to sea-level rise (e.g., Merrifield et al., 2013; Rueda et al., 2017). These studies all evaluated satellite
data since the early 1990s or tide-gauge records of <50 years in length, both of which are relatively short
periods compared to the nodal cycle. Our results build on these studies by evaluating a much longer data
set, which increases the likelihood that a representative sample of large storm tides was obtained over mul-
tiple nodal cycles. This enables empirical analysis of more impactful, smaller probability storms such as the
10 year and 100 year events. Nonetheless, our approach assumes quasi-stationarity between different
phases of the nodal cycle, and an approach that allows for a year-by-year fluctuation in risk might increase
the predictive skill of our analysis (see e.g., Menendez & Woodworth, 2010).

Combined with the results of previous studies (Menendez & Woodworth, 2010; Woodworth & Blackman,
2004), our case study of Boston suggests that the superposition of tidal forcing and sea-level rise likely pro-
duces a significant modulation in risk in other regions of the northwest Atlantic Ocean and anywhere in
which tidal forcing is relatively large compared to the meteorological surge (see also Rueda et al., 2017). In

Figure 9. Evolution of the 10 year flood hazard from Figure 8 as RSL in Boston
changes, relative to the NAVD-88 datum. The nodal (1) hazard curve, shown in
red, is the hazard curve calculated with data from nodal (1) periods (shown
with gray banding). The blue nodal (2) curve was obtained from data collected
during white banded periods (Figure 8b). Historic high-water marks since 1967
are shown by ‘‘1’’ symbols. Sea level rise from 1967 to 2017 has raised the level
of the 10 year event, and is projected to continue rising under the RCP scenario
of Kopp et al. (2017), as shown by the dashed line. The appropriate magnitude
of the once-in-10 year event will shift from red (gray banded) to blue (white
banded periods) on an approximately decadal time scale.
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particular, since the hazard curve (Figure 7) is relatively flat with respect to return period, a modest change
in either RSL or tide amplitude produces a relatively large shift in return period. Over the �200 year record,
0.28 m of RSL rise decreased the once-in-100 year extreme water level in the 1820s to a probability of �0.1
(a once-in-10 year event). This flat hazard curve, which is typical for regions with large tide ranges and pri-
marily extratropical storms, also explains why changes to tides (whether over monthly, annual, nodal, or
secular time scales) exert an outsized influence on the flood hazard in Boston Harbor.

The implications of RSL rise on flood risk are already beginning to be observed. Relative to a fixed datum,
six of the top 20 known peak water levels since 1723 occurred since 2005, and 8 of the top 25 (see support-
ing information). Similarly, 1/3 of the top 100 water levels (33 events) since 1825 occurred within 2005–
2018, far out of proportion with historical norms (see supporting information data sets). More than half
(55%) of the top 100 events relative to a fixed datum occurred over 1968–2018. Elevated water levels that
were once rare are becoming increasingly common as RSL increases and the rate of rise accelerates.

4. Conclusions

We recovered water-level measurements made in Boston Harbor since 1825 and combined them with exist-
ing records from the NOAA tide gauge to obtain a nearly 200 year long history of RSL change, tides and
extreme events. Direct and indirect analysis methods and archival records were used to assess historical
measurement precision, identify occasional periods with larger uncertainty, and estimate possible datum
bias. Moreover, multiple lines of evidence were used to transfer the datum from the historical to the mod-
ern gauge location, increasing confidence. A slight (<0.03 m) bias was discovered in the early and mid-20th
century Boston record due primarily to early data being referenced to unstable benchmarks. The extended
record is the longest of its type outside of northwestern Europe.

RSL rose in Boston Harbor by �0.28 m since the 1820s, including a linear contribution of �0.5 mm/yr from
ongoing land motion caused by GIA. Over the entire record, RSL in Boston accelerated at �0.023 6

0.09 mm/yr2, which is broadly consistent with estimates of global mean sea level rise acceleration gener-
ated from compilations of tide-gauge records (e.g., Dangendorf et al., 2017; Hay et al., 2015; Jevrejeva et al.,
2014). Since the early 20th century, the rate of RSL rise has increased. After removing the estimated contri-
bution from GIA, the extended Boston RSL record agrees well with decadal-scales trends measured in New
York City. The small annual differences between these locations occur due to GIA uncertainty, measurement
uncertainty, and (at least recently) differences in dynamical ocean processes.

Identifying the onset of modern sea-level rise remains an area of active research (e.g., Gehrels & Wood-
worth, 2013). Archival data recovery efforts such as this contribution are making clear that under-utilized
records from the 19th and early 20th century exist and can address analysis limitations caused by the lim-
ited length and (lack of) spatial distribution of instrumental data sets (e.g., Hogarth, 2014; Marcos et al.,
2011; Talke & Jay, 2013, 2017; Watson, 2011; W€oeppelman et al., 2014; Woodworth & Blackman, 2002). Our
archival research approach builds on previous efforts by (a) investigating nonstandard sources for data,
including the personal papers of local engineers; (b) digitizing and evaluating the gauge checks associated
with the records; (c) evaluating correspondence letters for gauge quality information and metadata; and (d);
painstakingly aggregating sources of error and estimating error (Table 1; supplement). The labor-intensive
approach has yielded insights into the data quality of both historic and modern records; for example, we
have corrected the seasonal cycle of New York data from 1856 to 1861 and fixed a slight bias in the early to
mid-20th century Boston record. These corrections only affect the details, but not the general trends, of sea
level rise. Nonetheless, since Burgette et al. (2009) observed similar order-of-magnitude datum issues at two
long-term gauges in the Pacific Northwest (Charleston and Astoria, OR), we suggest that a general reanalysis
of early records may be desirable. A better assessment of uncertainty (e.g., Table 1) may help improve upon
statistical techniques which aggregate historical sea-level data into a global trend (cf. Hay et al., 2015).

Archival records show that tidal range in Boston Harbor decreased by 5.5% since the early 19th century, but
increased slightly since 1921. Because large tides in Boston Harbor contribute to the frequency and magni-
tude of flooding, characterizing the reasons for nonstationarity in tides has important implications for better
assessing flood hazard. Our analysis suggests that the primary causes of long-term trends in tidal constitu-
ents is the widespread land reclamation and channel deepening that occurred throughout Boston harbor in
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the 19th century and 20th centuries. Regional-scale changes in tidal properties in the Gulf of Maine also
likely contribute (Ray, 2006).

We used the extended data set of water-level measurements to estimate the height and causes of extreme
high-water levels over the past �300 years, and construct a nearly continuous record of large storm tides
since 1825. These records confirm that the flood hazard in Boston for return periods less than 300 years is
primarily set by extratropical events (Nor’Easters) which generally occur from November to April. Moreover,
the extended record suggest that flood hazard is strongly influenced by variations in tidal forcing over the
18.6 year tide cycle, such that the magnitudes of storm-tide events with return period of 2–100 years are
reduced by 0.1–0.2 m during periods of relatively smaller tides. Over the past century, RSL rise reduced the
return interval of any given extreme water level, such that approximately 1/3 of the top 100 measured
events over the past 200 years have occurred in the last 12, including two recent events in 2018 that are
ranked first and third, respectively, relative to a fixed datum. The recent flooding in 2018 and most other
large events occurred near the peak of the nodal cycle and during a period of large spring tides.

The frequency and magnitude of future coastal flooding in Boston will be controlled by RSL rise that is
anticipated to accelerate further. Variations in tidal forcing, from daily cycles to long-term trends (see Ray &
Foster, 2016), will also contribute to a time-variable flood hazard. Return-period probabilities will be approx-
imately stationary during the 2020s because RSL rise and a nodal(2) phase in tidal range counteract one
another. In the 2030s RSL rise and a nodal(1) phase will combine to abruptly elevate the risk of coastal
flooding. These considerations suggest that planning for coastal infrastructure, flood defense, and bathy-
metric modifications should take into account both the timing and magnitude of long-term fluctuations
and trends in tidal forcing, along with projections of RSL rise.
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